INTRODUCTION
The prion protein (PrP), the causative agent of the transmissible spongiform encephalopathies such as Creutzfeldt-Jakob disease in humans, and scrapie and bovine spongiform encephalopathy (' BSE ') in animals, is a glycosyl-phosphatidylinositol (GPI)-anchored membrane protein [1] . Murine PrP contains two Nglycosylation sequons at Asn")! and Asn"*', both of which can be modified with sugars [2, 3] . However, PrP is unusual in that either one or both of the Asn-Xaa-Thr sequons may remain unglycosylated, giving rise to unglycosylated, monoglycosylated and diglycosylated proteins. Cell-type-specific utilization of the sequons in the normal cellular prion protein, PrP C , generates heterogeneity in the glycoform ratio between different organs and brain regions [4, 5] . The glycoform ratio of the pathogenic isoform of PrP, PrP Sc , appears to be a transmissible characteristic for particular strains of prion disease [6] . As the pattern of PrP Sc deposition and vacuolation in the brains of mice infected with a particular strain of prion can be dramatically altered by modulation of the N-glycosylation sequon occupancy of PrP C , this has led to the proposal that neuronal cells are selectively targeted for prion strain infection based on the PrP C glycoform ratio they express [7] .
Many mammalian membrane and secretory proteins are cotranslationally N-glycosylated on Asn-Xaa-Thr \ Ser sequons in the lumen of the endoplasmic reticulum (ER) by the enzyme oligosaccharyltransferase (OST) [8, 9] . As the OST complex is associated with the Sec61 translocon, through which polypeptide chains are translocated into the lumen of the ER or inserted into the ER membrane, this is essentially a co-translational process. Following addition of the core N-glycosylation unit, Abbreviations used : ER, endoplasmic reticulum ; GPI, glycosyl-phosphatidylinositol ; OST, oligosaccharyltransferase ; PI-PLC, phosphatidylinositolspecific phospholipase C ; PNGase F, peptide N-glycosidase F ; PrP, prion protein ; PrP C , normal cellular isoform of PrP ; PrP Sc , pathogenic isoform of PrP ; PrP∆GPI, secreted, non-N-glycosylated isoform of PrP ; wtPrP, wild-type transfected PrP ; mutations are given using the single-letter amino acid code, where, for example, V241D means Val 241 Asp. 1 To whom correspondence should be addressed (e-mail n.m.hooper!leeds.ac.uk).
terminus was increased so that it was sufficient to reach the active site of oligosaccharyltransferase before chain termination. Our findings indicate that sequon utilization in PrP is a cotranslational process that precedes GPI anchor addition and, as such, will be greatly influenced by the dynamics of the translocon-oligosaccharyltransferase complex.
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Glc $ Man * GlcNAc # , on to acceptor asparagine residues in the nascent polypeptide chain by OST, trimming and addition of other sugar residues occur as the newly glycosylated protein is transported along the secretory pathway.
Recently, we observed that the N-glycosylation of PrP was dramatically influenced by its membrane topology [10] . Both the GPI-anchored wild-type PrP and a construct in which the GPI anchor was replaced with a C-terminal transmembrane anchor were variably N-glycosylated when expressed in a human neuronal cell line. In contrast, neither a secreted form of PrP, PrP∆GPI, nor one with an N-terminal membrane anchor, were N-glycosylated. Utilizing in itro translation\translocation systems, the efficiency of N-glycosylation of Asn-Xaa-Thr \ Ser sequons in model proteins has been shown to depend on the distance of the sequon from the C-terminus [11, 12] . We have therefore investigated whether distance from the C-terminus controls the utilization of the N-glycosylation sequons of PrP in human neuronal cells in the context of restoring N-glycosylation to PrP lacking a GPI anchor. Increasing the distance between the sequons and the C-terminus similar to that estimated between the ribosome P site and the active site of OST was sufficient to restore N-glycosylation to non-anchored PrP. Our findings thus indicate for the first time in an intact cell system that the sequons must reach the OST active site prior to the detachment of the chain from the ribosome for N-glycosylation to occur.
MATERIALS AND METHODS

Generation of constructs
PrP constructs were derived from the coding sequence of murine PrP in pIRESneo [10] and cloned into the NotI and BamHI sites of the same vector. PrP∆GPI2 was generated by standard PCR using primers 5h-ATAAGAAGGCGGCCGCA-TGGCGAACCTTGGCTAC-3h and 5h-CGGGATCCTCAAG-GAGGGGAGGAGAAAAG-3h. PrP∆GPI3 was created using the following mutagenic primers : sense primer, 5h-TTACGAC GGGAGAAGATGGCCCTGGACCGTGCTTTTCTCCT-3h ; antisense primer, 5h-AGGAGAAAAGCACGGTCCAGGGC-CATCTTCTCCCGTCGTAA-3h.
Cell culture, transfection and lysis
Human neuroblastoma SH-SY5Y cells were cultured, electroporated with linearized DNA and selected with G418 (Geneticin) as described previously [10] . Each stably expressing cell line represented a pooled population of G418-resistant colonies (less than 50 colonies\cell line) that expressed their target protein at levels sufficient for detection by Western-blot analysis. Cells at confluency were rinsed twice with PBS, scraped into the same buffer, and harvested by centrifugation for 3 min at 500 g. The cells were resuspended in lysis buffer [10 mM Tris\HCl (pH 7.8)\0.5 % (w\v) sodium deoxycholate\0.5 % (v\v) Nonidet P40\100 mM NaCl\10 mM EDTA\0.1 mM PMSF] and incubated for 30 min at room temperature. The lysates were clarified by centrifugation for 1 min at 13 000 g. Medium samples were concentrated by methanol precipitation and resuspended in lysis buffer.
SDS/PAGE and Western-blot analysis
Samples containing 10 µg of total protein were mixed with an equal volume of SDS dissociation buffer and boiled for 5 min. Proteins were resolved by electrophoresis through 15 % (w\v) polyacrylamide gels and transferred to a Hybond-P PVDF membrane (Amersham, Little Chalfont, Bucks., U.K.). The membrane was blocked by incubation for 1 h with PBS containing 0.1% (v\v) Tween 20 and 5% (w\v) dried milk powder. Incubations with primary and peroxidase-conjugated secondary antibodies were performed for 1 h in the same buffer. Bound peroxidase conjugates were visualized using an enhanced chemiluminescence (ECL2) detection system (Amersham).
Phosphatidylinositol-specific phospholipase C (PI-PLC) and peptide N-glycosidase F (PNGase F) digestion
For cleavage of the GPI anchor with PI-PLC, cell lysates were incubated for 3 h at 37 mC with 1 unit\ml Bacillus thuringiensis PI-PLC (a gift from Dr Martin G. Low, Department of Physiology and Cellular Biophysics, Columbia University, New York, NY, U.S.A.). For enzymic deglycosylation, samples of cell lysate were made 20 mM with respect to sodium phosphate, pH 7.6, 50 mM with respect to EDTA, 5 % (w\v) with respect to SDS and 5 % (v\v) with respect to β-mercaptoethanol. Samples were boiled for 5 min, diluted 5-fold with 1.25 % (v\v) Triton X-100, and incubated for 16 h at 37 mC with 1 unit of PNGase F.
RESULTS
We and others [10, 13, 14] have previously reported that the utilization of the N-glycosylation sequons of PrP was abolished when the C-terminal GPI anchor signal sequence was deleted. To further investigate the determinants for sequon utilization in PrP, we adopted an approach designed to restore N-glycosylation to non-anchored PrP. As the proximity of the Asn-Xaa-Thr \ Ser sequons to the C-terminus of model proteins has been shown to
Figure 1 Schematic of the PrP constructs
Murine PrP is initially synthesized as a precursor protein comprising a 22-amino-acid N-terminal signal sequence (diagonally hatched box), two consensus sequences for N-glycosylation [N180 and N196 (N l asparagine) ; ' lollipops '] and a 24-amino acid C-terminal GPI anchor signal sequence (chequered box) that is post-translationally substituted for a GPI anchor. In PrP∆GPI, residues 229-254 of PrP, comprising the GPI signal sequence, were deleted. In PrP∆GPI2, the 14-amino-acid C-terminal hydrophobic region of the GPI signal sequence (residues 241-254) was deleted. PrP∆GPI3 contained the following mutations in the hydrophobic region of the GPI signal sequence : V241D, L243R, F247D and L248R (using the single-letter amino acid code, where, for example, V241D means Val 241 Asp). Numbers beneath the schematics indicate amino acid positions. All PrP constructs had methionine residues substituted at the two positions indicated (L108M and V111M) to generate the epitope for the monoclonal antibody 3F4. The column on the right indicates the distance (in amino acids) from the asparagine in the two sequons to the C-terminus of the precursor protein.
influence the efficiency of N-glycosylation in cell-free translation systems [11, 12] , we investigated whether additional regions of PrP C-terminal to the GPI anchor attachment site (ω-site) would facilitate N-glycosylation of non-anchored PrP. PrP∆GPI2 contains ten residues C-terminal to the ω-site corresponding to the hydrophilic linker region of the GPI anchor signal sequence, thus moving the two sequons further from the C-terminus (Figure 1 ). PrP∆GPI3 contains 24 residues C-terminal to the ω-site, comprising the hydrophilic linker and the C-terminal hydrophobic region of the GPI anchor signal sequence, the latter region containing four substitutions of charged residues for hydrophobic residues (Figure 1 ). These mutations disrupted the hydrophobic nature of this region, as revealed using the Kyte and Doolittle hydropathy algorithm and consequently abolished the function of the GPI signal sequence according to the big-Π GPI anchor prediction algorithm [15] . Thus the distance in amino acid residues of the N-glycosylation sequons to the C-terminus of PrP∆GPI3 was equivalent to those in wild-type transfected PrP (wtPrP) prior to the post-translational substitution of the GPI signal sequence for the GPI anchor.
The two extended constructs, along with wtPrP and PrP∆GPI (Figure 1) , were stably expressed in the SH-SY5Y cells, and lysates and conditioned medium subjected to Western-blot analysis with the 3F4 antibody (Figure 2A) . The GPI-anchored wtPrP was detected as a diffuse band of 28-36 kDa only in the cell lysate and not in the medium (Figure 2A, lanes 1 and 2) . In contrast, all the other constructs were detected both in the medium and in the cell lysate (Figure 2A, lanes 3-8) , consistent with these constructs lacking a mode of membrane anchorage and thus behaving as secretory proteins. PrP∆GPI and PrP∆GPI2 appeared as narrow bands of 27 and 28 kDa respectively ( Figure  2A, lanes 3-6) , whereas PrP∆GPI3 appeared as a diffuse band with a mass similar to that of wtPrP (Figure 2A, lanes 7-8) .
The presence or absence of a GPI anchor on the PrP constructs was confirmed by digestion with bacterial PI-PLC ( Figure 2B ). PrP, like many other GPI-anchored proteins [10, 16, 17] , undergoes a characteristic shift in mobility on SDS\PAGE, migrating with a higher apparent molecular mass when the GPI anchor has been cleaved by PI-PLC. For ease of analysis, cells were grown in the presence of tunicamycin to prevent N-glycosylation, and the resulting cell lysates incubated in the absence or presence of bacterial PI-PLC prior to electrophoresis ( Figure 2B) . wtPrP exhibited the characteristic upshift in mobility following PI-PLC digestion ( Figure 2B, lanes 1 and 2) . In contrast, none of the ∆GPI constructs exhibited a mobility shift on treatment with PI-PLC ( Figure 2B, lanes 3-8) , indicating that they lacked a GPI anchor.
To assess the glycosylation status of the PrP constructs, cell lysates were digested with PNGase F, an enzyme that cleaves the N-glycans from glycoproteins ( Figure 2C ). For wtPrP ( Figure  2C , lanes 1 and 2) and PrP∆GPI3 ( Figure 2C , lanes 7 and 8), incubation with PNGase F resulted in a reduction in their molecular masses, indicative of the removal of N-glycans from the proteins. In contrast, the molecular mass of PrP∆GPI and PrP∆GPI2 remained unaltered after incubation with PNGase F ( Figure 2C , lanes 3-6), demonstrating that these constructs were not N-glycosylated. Thus increasing the distance between the Asn-Xaa-Thr sequons and the C-terminus of non-anchored PrP resulted in their utilization by OST at a similar efficiency to that of the sequons in GPI anchored wtPrP.
DISCUSSION
Although several factors have been reported to influence the efficiency of N-glycosylation of Asn-Xaa-Thr \ Ser sequons, the vast majority of these studies have used in itro translation\ translocation systems [11, 12, 18, 19] . The ablation of the N-glycosylation of PrP by deletion of the GPI anchor signal sequence [10, 13, 14] provided us with a tool to investigate determinants required for sequon utilization in living cells using the approach of restoring N-glycosylation to non-anchored PrP.
Utilizing in itro translation\translocation systems, the N-glycosylation efficiency of Asn-Xaa-Thr \ Ser sequons in model membrane proteins has been shown to depend on their distance from the C-terminus [11, 12] . Efficient N-glycosylation was only observed when the sequon was 60 or more residues away from the C-terminus, leading to the conclusion that N-glycosylation is inefficient when polypeptide chain termination occurs before the acceptor asparagine residue reaches the active site of OST, a distance estimated to be about 65 residues from the ribosome P-site to the acceptor asparagine residue [12, 20, 21] . Accordingly, N-glycosylation of non-anchored PrP was restored by increasing the distance between the Asn-Ile \ Phe -Thr sequons and the C-terminus. When the Asn-Ile-Thr and Asn-Phe-Thr sequons were 48 and 32 residues from the C-terminus, as in PrP∆GPI, or 60 and 44 residues away, as in PrP∆GPI2, no N-glycosylation occurred. However, increasing the distance from the C-terminus to 74 and 58 residues, as in PrP∆GPI3, allowed N-glycosylation at a similar efficiency to GPI-anchored PrP. Thus, taking the distance between the ribosome P site and OST active site in living cells to be equal to that estimated from in itro studies, the Nglycosylation of non-anchored PrP requires at least the more N-terminal sequon, Asn-Ile-Thr, to be in range of the OST active site before chain termination ( Figure 3A) . For example, in
Figure 3 Model showing the N-glycosylation of sequons near the C-terminus of PrP
The schematic diagrams illustrate the translation of PrP from mRNA by a ribosome and translocation of the protein across the ER membrane into the ER lumen. Transfer of a core oligosaccharide to an Asn-Xaa-Thr sequon in PrP by the enzyme OST occurs on the luminal side of the ER membrane. (A) Efficient N-glycosylation occurs when the sequon is more than 65 residues from the C-terminus of the protein, as in wtPrP and PrP∆GPI3. (B) When the sequon is less than 65 residues from the C-terminus, chain termination occurs before the sequon reaches the active site of OST and core glycosylation does not take place.
PrP∆GPI2, the Asn-Ile-Thr sequon would fail to reach the OST active site prior to chain termination and, as a consequence, this construct failed to be N-glycosylated ( Figure 3B ).
We cannot rule out the possibility that residues 240-254 of PrP in PrP∆GPI3 are necessary for glycosylation by mediating interaction with another protein, causing translocation pausing and effecting N-glycosylation. In this context it has recently been shown that the translocon-associated protein RAMP4 mediates translocation pausing by binding a hydrophobic sequence C-terminal to the N-glycosylation sequons in MHC class II invariant chain [22] . This maintains the sequons in close proximity to the OST active site during translation and consequently facilitates their utilization. However, given that translocation pausing appears to occur with ongoing translation, it seems unlikely that extreme C-terminal hydrophobic sequences, such as the 240-254 sequence of PrP, would be effective at mediating translocation pausing prior to the dissociation of the chain from the ribosome. Moreover, mutations which increased the hydrophilicity of the 240-254 region, as in PrP∆GPI3, did not compromise the efficiency of N-glycosylation.
Although proximity to the C-terminus significantly depressed sequon utilization in itro, N-glycosylation was not entirely abolished, remaining at an efficiency of 30-40 % when the sequon was six residues from the C-terminus [12] . This basal efficiency probably represents post-translational N-glycosylation acquired following complete translocation of the chain into the ER lumen. In contrast, the N-glycosylation of non-anchored PrP in living cells was completely ablated when the sequons were inaccessible to OST during translation, indicating that their utilization is a purely co-translational process that cannot occur following chain termination. Moreover, that non-anchored PrP∆GPI3 was N-glycosylated to a similar extent to GPI-anchored wtPrP demonstrates that GPI anchor addition is not a prerequisite for efficient sequon utilization in PrP and, furthermore, supports the notion of the co-translational N-glycosylation of the protein.
As the sequons of wtPrP are 74 and 58 residues from the C-terminus of the precursor protein (Figure 1) , chain termination will occur almost simultaneously with their arrival at the OST active site. As a consequence, the N-glycosylation of PrP will be greatly influenced by the dynamics of the translocon-OST complex with respect to the distance between the ribosome P site and the active site of OST (Figure 3 ). In particular, increases in this distance would compromise sequon utilization and lead to a preponderance of the unglycosylated protein. Cell-specific variations in translocon architecture may therefore account for the heterogeneity in the glycoform ratio of PrP observed not only between different organs, but also between different regions of the brain [4, 5] .
To conclude, our findings in human neuronal cells demonstrate that the utilization of the Asn-Ile \ Phe -Thr sequons in nonanchored PrP is critically dependent on their distance from the C-terminus, with N-glycosylation only occurring when the more N-terminal Asn-Ile-Thr sequon was accessible to the active site of OST prior to the termination of translation. That non-anchored PrP can be N-glycosylated as effectively as GPIanchored PrP suggests that sequon utilization in wtPrP is probably completed co-translationally prior to the addition of the GPI anchor, which occurs within 1 min after translation of the polypeptide chain [23] . In addition, the present study provides a novel opportunity for the production of a secreted and efficiently N-glycosylated form of PrP for utilization in the study of prion conversion in itro, a task that has proved problematic in the past [14, 24] .
